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 Macroscopic simulations of chemical engineering unit processes provide a means 
of visualizing the relationship between different process variables through the use of 
constitutive equations such as the mass, energy and momentum balances. Molecular 
simulations on the other hand provide an insight into processes on the molecular scale. 
These simulations coupled with various concepts from statistical mechanics, are often 
used to study the properties of materials under a range of process conditions.  
 In a natural extension to these two fields, we use molecular simulations to obtain 
physico-chemical properties required for use in the macroscopic simulations of multi-
component adsorption systems. The application requires properties such as transport 
diffusion coefficients and the adsorption equilibrium properties. 
 We use equilibrium Molecular Dynamics simulations to study the self-diffusion 
coefficients of the different components in the system. We use a diatomic model for 
ethane. We show that the minimum dimension of the diatomic molecule governs the 
transition from ordinary diffusion to single-file motion. We also show that the methane 
self-diffusion coefficients decrease with increasing ethane mole fraction in the mixture. 
We then use Grand Canonical Monte Carlo simulations to study the adsorption 
equilibrium properties of the mixture. We show that in the pure component case, ethane 
molecules are preferentially adsorbed at low loadings and low temperatures, but an 
increase in either quantity causes methane molecules to be preferred instead. In the binary 
mixture, methane molecules fail to displace ethane molecules. We also show that an 
 ii
increase in temperature causes a decrease in the ethane selectivity due to a decreased 
importance of the energetic factors.  
We then take resort to the Darken equation to obtain the transport diffusion 
coefficient. We show that the transport diffusion coefficient decreases with increasing 
total concentration and methane mole fraction. We also show that the transport diffusion 
coefficient increases with increasing temperature.  
We then use the physico-chemical properties in the macroscopic simulation of the 
adsorption system. We present the operating conditions viz., temperature, feed velocity 
and time till regeneration. We thus achieve an integration of design scales that would add 
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Macroscopic simulations of chemical engineering unit processes provide a means 
of visualizing the relationship between different process variables through the use of 
constitutive equations such as the mass, energy and momentum balances. Such 
simulations are valuable and essential tools for the design, development and control of 
such processes. These simulations require prior knowledge of a fair number of physico-
chemical properties of the system under study, which often need to be determined either 
from experiment or through the use of empirical relations. 
 Microscopic / molecular simulations on the other hand provide an insight into the 
behavior of different materials and processes on the molecular scale. These simulations 
coupled with various concepts from statistical and quantum mechanics, are often used to 
study the properties of materials under a range of process conditions. Molecular 
simulations involve a considerable computational effort. Due to the rapid advancements 
in the electronics industry and, as a result, the processing power of computers, there has 
been an exponential increase in the number of feasible applications of these simulations. 
 In a natural extension to these two fields, we present an algorithm for using 
molecular simulations to obtain the physico-chemical properties required for use in the 
macroscopic simulations. We study the application to multi-component adsorption 
systems in particular. The application requires several properties such as the transport 
diffusion coefficients and the adsorption equilibrium properties even for the isothermal 
case. 
 In Part 2 we investigate the transport behavior of mixtures of methane and ethane 
in Aluminum Phosphate-5 (AlPO4-5). This material is of special interest because of the 
unidirectional channels available in the pure crystal, which lead to the possibility of 
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different modes of motion. The transport phenomenon is studied using equilibrium 
Molecular Dynamics (MD) simulations. Part 3 focuses on the equilibrium behavior of 
methane and ethane mixtures. We employ Grand Canonical Monte Carlo (GCMC) 
simulations to obtain adsorption isotherms for different temperatures.  
 The process simulation of the adsorption system requires the availability of 
transport diffusion coefficients as functions of adsorbed phase concentration, composition 
and temperature. Such data are difficult to obtain experimentally and few good theories 
exist for the adsorbed phase. In Part 4 we present a different approach to obtaining the 
transport diffusion coefficients via the application of the Darken Equation, the self-
diffusion coefficients obtained using equilibrium MD simulations and the adsorption 
isotherms generated using GCMC simulations. The effects of concentration, composition 
and temperature on the transport diffusion coefficients are also studied.  
 In Part 5, we present macroscopic simulations of the adsorption system. All the 
physico-chemical properties are generated using molecular level simulations as 
previously discussed. We also present operating conditions, viz. temperature, feed 
velocity and time until regeneration for the aforementioned system. Finally we draw 
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2.1.1 AlPO4 - 5 
 
AlPO4-5 belongs to a class of nanoporous materials that contain a network of 
 parallel, roughly cylindrical channels. (See Figure 2.1 in the Appendix.). These channels 
are formed by rings of 12 oxygen, 6 phosphorus and 6 aluminum atoms. The channels 
have a nominal diameter of 7.3 Å, although the cross-sectional area varies along the 
length of the channel, depending on whether we are at a ring or in between rings [1]. The 
crystal structure has been experimentally determined by the x-ray diffraction method [2]. 
The channels never intersect in an ideal crystal. Although these channels have a radial 
dimension, the long-time mean square displacement has a non-zero component only in 
the axial dimension. Hence we refer to this network of channels as one-dimensional.  
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2.1.2 Unidirectional and single-file motion of pure fluids 
 
In the case of unidirectional diffusion of adsorbates in nanoporous materials, the 
 mean-square displacement is directly proportional to the observation time in the long-
time limit, as given by the Einstein relation, viz. 
 




                    (2.1) 
 
The proportionality constant is twice the diffusion coefficient, D, having the units of 
length squared per time [3]. This expression is derived based on the assumption that the 
adsorbate molecules are undergoing ordinary diffusion. 
 If the channels become so small, as to prevent the adsorbate molecules from 
passing each other, we have a single-file mode of motion. The adsorbate molecules, in 
this case, undergo a constrained random walk such that the ordered sequence of these 
molecules does not change. The sequence as a whole performs another random walk. The 
mean square displacement in the long-time limit is therefore proportional to the square 
root of the observation time, as opposed to the observation time itself as in ordinary one-
dimensional (1D) diffusion. The expression, which is analogous to Einstein relation, can 
be written as 
 




    (2.2) 
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The proportionality constant in this case is twice the mobility factor, α, which has  
units of length squared per time to the one-half. A diffusion coefficient is not defined for 
this case.  
 One-dimensional Hard Rod (1DHR) Theory expresses the single-file mobility 
factor, α, as a function of the one-dimensional adsorbate number density N, the infinite 
dilution diffusion coefficient, Did, the adsorbate size σ and the temperature T as follows 
[4]: 
 













=α        (2.3) 
 
 Lattice diffusion models exist that express the single file mobility factor as a 
function of the fractional adsorbate loading θ, lattice spacing l and a mean time between 
successful moves between sites τ. However for many nanoporous materials, these 
parameters are not well defined. Hence we use the more convenient 1DHR Theory, as in 
the previous work.   
 
2.1.3 Review of published work 
 
The single-file mode of motion exhibited by large adsorbates in nanoporous  
channels have received considerable attention from the research community in the last 
few years. 
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It has been shown through Pulsed Field Gradient (PFG) Nuclear Magnetic 
 Resonance (NMR) experiments as well as MD simulations that ethane undergoes single-
file motion when adsorbed in AlPO4-5 [5-10]. The differences between ordinary diffusion 
and single-file motion have also been shown to be exploitable to effect a kinetic 
separation [11]. The temperature effect on the system has also been studied [12]. 
 Contradictory results were obtained through Quasi-Elastic Neutron Scattering 
(QENS) experiments, which showed ethane to be in an ordinary diffusional mode in 
AlPO4-5 [13]. This issue has since been addressed in a study that showed the PFG-NMR 
study to be more reliable over other methods such as QENS in the prediction of single-
file motion [14]. 
Nelson et. al. have presented a theory that describes the self-diffusion of 
adsorbates in finite zeolitic systems [15]. They contend that the transport of particles is 
Fickian at long times. We are, however, studying systems at times shorter than the 
reported cross-over time. 
 Studies have also been conducted on the diffusion mechanisms of several 
adsorbates in AlPO4-5 using the Smart Monte Carlo Method [10]. The concerted 
diffusion of molecular clusters as well as the effect of correlated flights of molecules has 











As a modification of the previous work, ethane was modeled as a two-center  
molecule i.e. a rigid diatomic. The Lennard-Jones (LJ) 20-6 potential was used for all the 
interactions, as in the previous work. 
 The LJ 20-6 potential was selected to provide a narrower potential well. The LJ 
12-6 potential would require very large molecular sizes to prevent passing [6]. The LJ  
12-6 parameters for methyl groups in ethane and the bondlength were obtained from the 
literature [18]. The interaction parameters for unlike groups (i.e. methyl-oxygen) were 
obtained using the Kirkwood-Muller formulae [6]. The LJ 20-6 parameters used are 
given in Table 2.1 (All tables and figures are in the Appendix).  
 As in the previous work, the interactions between the adsorbates and the AlPO4-5 
lattice were comprised only of the methyl-oxygen terms, as these are the most significant 
[19]. The x-ray crystallography data of Bennett et. al. [2] was used to obtain the location 
of the oxygen atoms in the framework. The framework was considered rigid and the 







2.2.2 Simulation techniques 
 
Molecular Dynamics simulations were performed using 256 adsorbate 
 molecules. The fifth-order Gear Predictor/Corrector scheme was used for the integration 
of Newton’s equations for both the translational and rotational components [20]. A 2x2x1 
(xyz) block of unit cell, containing 72 atoms, forms the boundary for a central channel in 
the z-direction. For a loading of 1.0 adsorbate molecules per unit-cell length, the 
simulation volume comprised of 2x2x256 = 1024 AlPO4-5 unit cells containing 73728 
atoms.  
 For each data point, the first 10,000 simulation steps were used for equilibration 
during which a Berendson thermostat was used to maintain constant temperature [21]. 
The production stage consisted of 1,000,000 simulation steps, with a time step of 2 fs, 
yielding a 2 ns simulation time. Two ns has been shown to be a sufficient time to 
establish the long-time behavior for single-file motion [6]. Ordinary diffusion takes about 
10 ps. The production stage was microcanonical. 
 The simulations were performed on the IBM SP-2 using 4 processors. The total 
CPU time for each simulation was about 120 hours. Each of the simulations was 
performed in triplicate to obtain an estimate of the standard deviations in the values of the 
single-file mobilities or diffusion coefficients. 
 Einstein’s relation as given by Equation (2.1) and the single-file diffusion analog 
described by Equation (2.2) were used to compute the diffusion coefficient and the 
single-file mobility factor respectively. The MSDs used in these equations were 
computed from the positions of adsorbates that were periodically saved during the 
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simulation. The short time behavior up to 4 ps (which is free motion) was neglected in 
the least squares regression. The standard deviations of the diffusivities were calculated 
from the coefficients of linear regression [22]. The measure of fit of the least squares 
regression of the MSD versus observation time data was also calculated to determine the 
appropriateness of either the ordinary or the single-file model [23]. 
 The motion of the diatomic molecule in 3-D space is conveniently expressed as a 
combination of the translation of the center of mass and rotation about the center of mass. 
Quaternions have been used instead of the Euler angles to denote the angular positions 
due to numerical stability considerations [20].                          
 Also for a diatomic molecule, there exist only two rotational degrees of freedom, 
as the molecule is symmetric in one dimension. Simulations were performed for pure 
ethane and for binary mixtures of ethane and methane with three different compositions, 
viz. 25, 50 and 75 mole % ethane. 
 
2.2.3 Error analysis 
 
 Each of the simulation data points was run in triplicate. This was done to obtain 
an estimate of the statistical accuracy. Potential sources of error in the simulation runs in 
this case include the inherent difficulty of obtaining good statistics for highly infrequent 
passing events in addition to the errors related to the numerical integration scheme. 
 The standard deviations obtained from these triplicate sets of data points were 
such that the accuracy in the single-file mobility factor was at least 50 %. 
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2.3 Results and Discussion 
 
2.3.1 Transition from ordinary diffusion to single-file motion for ethane 
 
As mentioned earlier, small channels in the adsorbent lattice would cause the 
 adsorbate molecules to follow the single-file mode of motion. Numerous zeolites and 
molecular structures having one-dimensional channels exist. The one-dimensional 
channels can be constructed from 12-O-atom rings as in AlPO4-5, 10-O-atom rings as in 
zeolite-Θ, 14-O-atom rings as in AlPO4-8 or 18-O-atom rings as in VPI-5. Because the 
size of the rings that define the channel vary, the size of the channel varies. Had it proved 
that ethane were not single-file in AlPO4-5, we would have known to move to a smaller 
12-O-atom channel, like ZSM-12. An effect analogous to finding materials with narrower 
channels can be achieved by increasing the adsorbate diameter. In a previous study, 
Keffer et al. observed that single-center ethane molecules move from ordinary diffusion 
to single-file motion at an adsorbate diameter of 4.75 Å [11]. 
 We observe for the rigid diatomic ethane that the transition from ordinary 
diffusion to single-file motion also occurs at a methyl group diameter of  4.75 Å, i.e. 
adsorbates smaller than 4.75 Å exhibit ordinary diffusion while those greater than this 
size are in the single-file mode of motion. Thus the transition size is not affected by the 
choice of models, i.e. the minimum dimension in the diatomic molecule dictates the 
transition from ordinary diffusion to single-file motion. (See Figure 2.2.) 
 In accordance with the Boltzmann distribution, at infinite times, some molecules 
will be able to pass others and hence we will not be in the pure single-file mode of 
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motion. However the relevant observation time is the residence time of the adsorbates in 
the channel and the single-file mode is said to be observed if there are no passing events 
in the duration of the simulation. 
 The molecules were confirmed to have been in pure single-file motion using the 
criteria described by Keffer et al. [11]. Figure 2.3 shows the mean square displacement 
versus the observation time. Visual inspection indicates that the mean square 
displacement varies as the square root of the observation time. Also, a rigorous 
numbering of the molecules was performed to insure that the ordered sequence of the 
adsorbate molecules is maintained. Inspection of the movie files generated from the 
simulation further confirmed our observation that there were no passing events.  
In the case of mixtures, we observe that methane still exhibits ordinary diffusion as 
shown in an earlier study [11]. Figure 2.4 shows the single-file mobility / diffusivity for 
ethane molecules as a function of the methyl group diameter. For ethane molecules, the 
transition from ordinary diffusion to single-file motion occurs at a methyl-group diameter 
of 4.75 Å for all the mixtures, as in the case of pure ethane. This further confirms the 
finding that the minimum dimension governs the aforementioned transition.  
 
2.3.2 Comparison of models 
 
The single-file mobilities obtained from the rigid diatomic ethane model are 
 plotted as functions of the methyl group diameter in Figure 2.5. Also shown are the 
values obtained from the single-center model by Keffer et al. [11]. It can be seen that the 
mobilities obtained from these two models are of the same order of magnitude. It can also 
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be seen that the trend in the mobility factor as a function of the adsorbate size from the 
single-center model is remarkably well replicated by the diatomic ethane molecules. This 
indicates again that the minimum dimension of the molecule determines the behavior of 
the molecules. 
 The infinite-dilution diffusion coefficients obtained from the diatomic simulations 
are plotted against the size of the individual groups in Figure 2.6. Also shown are the 
values obtained by Keffer et al. [11]. The values of the infinite-dilution diffusion 
coefficients are quite similar. Also, the diffusion coefficients for the diatomic model 
show a general increase with increasing adsorbate size. Trends in the values for the 
single-center model cannot be ascertained reliably since these simulations were only 
performed once at each condition and hence standard deviations on these data points are 
not available. 
 
2.3.3 Predicted mobilities from 1DHR theory 
 
1DHR theory can be used to predict the single-file mobilities based on the 
 infinite-dilution diffusion coefficients (Equation (2.3)). Figure 2.7 shows the simulated 
and the predicted mobilities as functions of the adsorbate size. We can observe that the 
predicted values are within 50 % of the single-file mobilities obtained from the 
simulation. Also, the predicted mobilities show a general decrease with increasing 
adsorbate size. This is in contrast to the increasing trend in the infinite-dilution diffusion 
coefficient. This decrease in the predicted mobilities from 1D Hard Rod theory occurs 
because the decrease in the free volume (1-Nσ) with increasing adsorbate size exceeds 
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the increase in the infinite-dilution coefficient. The increase in the infinite-dilution 
diffusion coefficient probably occurs because the larger molecules do not sit as deeply in 
the energy wells, thus experiencing a smaller activation barrier for motion. Also, we see 
varying sizes of the error bars for each methyl group diameter. Each simulation was run 
in triplicate. A larger number of replicates would be expected to improve the statistical 
sampling, and hence lead to uniform standard deviations for all methyl group diameters.  
 A simulation to obtain the infinite-dilution diffusion coefficient needs to be run 
for a much smaller time as opposed to the one to obtain the single-file mobility. Hence 
obtaining the single-file mobilities from 1DHR theory results in an order of magnitude 
saving in the CPU time. 
 
2.3.4 Rotational degrees of freedom 
 
A rigorous numbering of atoms was performed and the configuration files  
generated during the simulations were used to obtain an estimate of the rotation of the 
diatomic molecule in the confined spaces of the channel. It was determined that the 
molecules were undergoing free rotation by verifying that the law of equipartition of 
energy was being satisfied, viz. for ethane the translational kinetic energy was 3/2 kT and 
the rotational kinetic energy was kT. A rigorous numbering of the atoms was also done 
and the above finding was verified in that the number of molecules in which the atoms 
had switched positions from their initial configuration was about half the total number of 
molecules. We would expect this because half the molecules would have rotated an even 
number of times and would hence have the same order of atoms as in the initial 
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configuration while the other half would have rotated an odd number of times and would 
have the opposite ordering of atoms.  
 The ethane molecules thus undergo free rotation even in the single-file regime of 
molecular motion. This occurs because the distance between the methyl group centers in 
the same molecule, viz. the bond length, is much smaller than the distance between the 
methyl group centers of two different molecules that are involved in an attempted passing 
event.   
 
2.3.5 Effect of concentration 
 
 Figure 2.8 shows the methane diffusion coefficient as a function of ethane size. 
The diffusion coefficient of methane decreases with increasing methyl group diameter. 
This can be expected, as the entropic barrier to methane-ethane passing events increases 
with increasing size of the ethane molecules, thus lowering the diffusion coefficient. It 
can also be seen that the methane diffusion coefficient decreases with increasing ethane 
concentration. This fact can be explained in the following manner. The frequency of the 
methane-ethane passing events for a given methane molecule increases with an increase 
in the concentration of the ethane molecules. This factor coupled with the higher entropic 
barrier for methane-ethane passing events in comparison to the methane-methane passing 
events, lowers the diffusion coefficient.  
Figure 2.9 shows the single-file mobility of ethane as a function of ethane size. 
Within the limits set by statistical accuracy, it can be seen from Figure 2.9 that the single-
file mobility factor shows a slight decrease with increasing methyl group diameters. An 
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analysis of the composition dependence, however, is more difficult. For pure ethane, we 
expect a decrease in the single-file mobility with increasing ethane density [5]. We do not 
observe this expected qualitative trend of single-file mobility with ethane density, as in 
Figure 2.9, pure ethane single-file mobility is generally higher than those for the 
mixtures. Other ethane-ethane coupling effects are likely responsible. We can also 
conclude from Figure 2.9 that the ethane single-file mobility is not a strong function of 




We have shown in this work that the trends in the single-file mobilities from the  
single-center model are remarkably well replicated by the two center model. We have 
also shown that the transition size is the same for both models, thus proving that the 
minimum dimension governs the transition size. Also, free rotation is possible in the 
channels for the given value of the bond length. We have also shown that 1DHR theory 
provides reasonable estimates (within 50 %) for the single-file mobilities using a  CPU 
time that is within 10 % of that required for a molecular dynamics simulation to obtain 
the single-file mobility.  
The data for various binary mixtures of ethane and methane have also been 
presented. The methane molecules continue to exhibit ordinary diffusion for all the 
methyl group diameters investigated. The diffusion coefficient of methane decreases with 
increasing ethane size. The single-file mobility factors for ethane show a linear trend with 
increasing methyl group diameter. Also, the single-file mobility factor for ethane is not a 
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strong function of ethane density. The transition from ordinary diffusion to single-file 
motion for ethane occurs at a methyl group diameter of 4.75 Å for all of the mixture 
compositions studied.  
 Work is now planned to investigate the effect of electrostatics and flexible lattices 
on the single-file mode of motion. Work is also planned for a process level simulation of 
a separation system for a multi-component mixture where one or more of the components 
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Table 2.1. Lennard Jones 20-6 parameters 
 
 
 methyl methyl 
 methyl oxygen 
   
σ (Å) 3.775 3.036 
   
ε (K) 60.532 89.714 












σmy ≥ 4.75 Å
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Figure 2.4. Diffusivity/single-file mobility of ethane as functions of ethane size for different mixture compositions at T ≅ 298 K, 


























NE = 1.0 molecule / unit cell AlPO4-5. 

























Figure 2.6. Infinite-dilution diffusion coefficients for the monatomic and diatomic ethane as functions of the methyl group size at 
T ≅ 298 K, N
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Figure 2.7. Simulated and predicted mobilities for the diatomic ethane as functions of the methyl group size at T ≅ 298 K,  
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Figure 2.8. Diffusivity of methane as a function of ethane size for different mixture compositions at T ≅ 298 K,  
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Figure 2.9. Single-file mobility of ethane as a function of ethane size for different mixture compositions at T ≅ 298 K,  







A Grand Canonical Monte Carlo Study of the Adsorption of Methane, Ethane and 
Their Mixtures in One-dimensional Nanoporous Materials 
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This part is a lightly revised version of a paper by the same name published in the journal 
Langmuir  in 2002 by Parag Adhangale and David Keffer. 
 
Adhangale, Parag; Keffer, D. J., “A Grand Canonical Monte Carlo Study of the 
Adsorption of Methane, Ethane and Their Mixtures in One-dimensional Nanoporous 
Materials”, 2002, Langmuir, 18 (26), 10455 -10461. 
 
My use of “we” in this chapter refers to my co-authors and myself. My primary 
contributions to this paper include: (1) selection of the topic and development of the 
problem into a work relevant to my study of the equilibrium properties of fluids adsorbed 
in nanoporous materials, (2) implementation of the Grand Canonical Monte Carlo 
Ensemble, (3) all of the simulation work and analysis, (4) most of the gathering and 
interpretation of literature, (5) most of the writing. 
 
Reproduced with permission from Langmuir., 2002, 18 (26), 10455 -10461. Copyright 






AlPO4-5 belongs to a class of nanoporous materials that contain a network of 
 parallel, roughly cylindrical channels. (See Figure 3.1 in the Appendix.) These channels 
are formed by rings of 12 oxygen, 6 phosphorus and 6 aluminum atoms. The channels 
have a nominal diameter of 7.3 Å, although the cross-sectional area varies along the 
length of the channel, depending on whether we are at a ring or in between rings [1]. The 
crystal structure has been experimentally determined by the x-ray diffraction method [2]. 
The channels never intersect in an ideal crystal. Although these channels have a radial 
dimension, the long-time mean square displacement has a non-zero component only in 
the axial dimension. Hence we refer to this network of channels as one-dimensional. 
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3.1.2 Motivation for current work 
 
The current work is a part of an effort to study the adsorption and transport of 
molecules in one-dimensional nanoporous materials. An effort is also being made to 
develop an efficient algorithm to enable use of molecular level information in process 
level simulations of multicomponent adsorption systems with application to mixtures of 
methane and ethane in AlPO4-5. The transport properties required by the process level 
simulations have been generated using Molecular Dynamics computer simulations and 
through the use of certain concepts of irreversible thermodynamics.  The current work is 
geared towards obtaining the equilibrium relationships for the binary mixtures of 
methane and ethane in AlPO4-5.  
 
3.1.3 Review of published work   
 
 The simulation study of the adsorption of noble gases and light hydrocarbons on 
nanoporous materials has received a great deal of attention in recent years [3-11]. The 
high selectivity of these materials, even in mixtures with similar components, makes 
them attractive for use in separation processes. Grand Canonical Monte Carlo (GCMC) 
simulations have been widely used for studying adsorption behavior of pure components 
as well as mixtures in an idealized pore geometry. Tan and Gubbins [3] studied mixtures 
of methane and ethane in slit-shaped pores. The selectivity was found to be greater for 
mixtures with larger differences in the Lennard-Jones parameters of their components. 
Also at high pressures and low temperatures they found the presence of distinct methane 
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rich layers away from the wall while the composition close to the wall was more ethane 
rich. Keffer et al. [4] studied the adsorption of mixtures of argon, xenon and 
tetramethylsilane in slit, cylindrical and spherical nanopores. They have shown that the 
selectivity is dominated by an energy-dependent mechanism at low chemical potentials 
and a size-dependent mechanism at high chemical potentials. Cracknell et al. [5,6] 
studied the adsorption of mixtures of methane and ethane in slit shaped pores. They 
found that the energetically favorable ethane molecules are selectively adsorbed by pores 
large enough to adsorb both components. They found oscillations in the selectivity as a 
function of pore size at a pressure of 12.8 bar. They have also found that the selectivity 
versus pore size behavior changed when ethane was modeled as a single-center and as a 
two-center Lennard-Jones molecule.  
 Van Tassel et al. [7] studied the adsorption of mixtures of xenon, argon and 
methane in the zeolite NaA. They found in the case of pure component adsorption that 
the energetically favorable component xenon was most selectively adsorbed at low 
chemical potentials followed by argon and then by methane. At high chemical potentials 
the order was argon followed by methane and then by xenon. In binary mixtures they 
found that xenon was preferred over both methane and argon at low chemical potentials. 
However at higher loadings, they found that the much smaller argon molecules could 
displace the larger xenon molecules but the relatively larger methane molecules could 
not.  
 Heuchel, et al. [8] studied the adsorption of methane and carbon tetraflouride 
mixtures in silicalite using both simulation and experiment. They found that the mixture 
behavior was ideal and could be predicted using the Ideal Adsorbed Solution Theory for 
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pressures as high as 17 bars. They found that the mixture composition in the two types of 
channels in silicalite was different. Ideal behavior was also reported by Macedonia and 
Maginn [9] for mixtures of methane, ethane and propane in silicalite. They did not find 
any strong segregation effects for the mixtures studied, i.e. the molecules of both 
components were almost equally distributed in the two types of channels.  
 Jameson et al. [10] studied the adsorption of mixtures of xenon and methane in 
zeolite NaA using GCMC simulations and 129Xe Nuclear Magnetic Resonance (NMR). 
They found that xenon is preferentially adsorbed over methane in the zeolite NaA. 
Macedonia et al. [11] studied the pure component adsorption of methane, ethane and 
argon on the zeolite Sodium Mordenite. They wrote, “a realistic treatment of cation 
location and charge distribution is required to get good agreement with experimental 
results”. They also studied the effect of the Si/Al ratios on loading and found that at 
cryogenic conditions an increase in the Si/Al ratio decreased the total loading of Ar at the 








The adsorbates, viz. methane and ethane, were both modeled as single-center 
Lennard-Jones molecules. Self-diffusion coefficients have been obtained for various 
mixtures of methane and ethane in AlPO4-5 [12]. The molecular dynamics simulations in 
that work were also used to investigate the single-file diffusion of these mixtures for 
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larger ethane sizes. The Lennard-Jones 20-6 potential was used for all the interactions in 
that work. The reasons for this choice have been described in the previous work [12]. For 
the sake of consistency, the same potential has been used in this work.   
 The interaction parameters for unlike groups i.e. methyl and oxygen, were 
obtained using the Kirkwood-Muller formulae [13]. The LJ 20-6 parameters used are 
given in Table 3.1 (All tables and figures are in the Appendix).  
 As in the previous work, the interactions between the adsorbates and the AlPO4-5 
lattice consisted only of the methyl-oxygen terms, as these are the most significant [14]. 
The x-ray crystallography data of Bennett et al. [2] was used to obtain the location of the 
oxygen atoms in the framework. The framework was considered rigid and the effect of 
electrostatic interactions was neglected. 
 
3.2.2 GCMC simulations 
 
The simulations were performed in the Grand Canonical Ensemble with the 
systems having the same chemical potential (µ), volume (V) and temperature (T). The 
original method is attributed to Norman and Filinov [15].  
 In the studies of coadsorption of a multicomponent mixture, this method involves 
the following random moves: translation, molecule destruction, molecule addition and 
molecular exchange. 
All these moves are performed on molecules chosen at random. In a 
multicomponent system, this involves randomly choosing the type of molecule as well. 
As an example, consider a molecular addition move. The type of molecule is first chosen 
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at random, followed by a choice of a random location. All these moves are accepted if 
they involve downhill moves. The uphill moves are accepted with the probability of  
exp(-∆E/kT), where ∆E is defined as follows: For translation: 
oldnew UUE −=∆ ;         (3.1) 
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The subscript i, denotes the values pertaining to component i. For the molecular exchange 
move, the superscripts “add” and “del” denote the values related to the molecules being 
added, and deleted respectively. Also, the values Uold and Unew denote the energies of the 
molecules being deleted and added respectively and not the total system energies. Thus 
the molecular identity exchange move can be seen as a combination of addition of a 
molecule of one component and deletion of a molecule of the other component. The 
identity exchange move is used to achieve equilibrium faster following Van Tassel [7]. 
The use of this move is originally attributed to Kofke [16]. In this treatment we have 
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followed Adams’ formulation to split the chemical potential into the ideal gas and excess 
parts [17]. 
 
3.2.3 Simulation details 
 
The GCMC simulations were performed in the bulk phase for five different 
temperatures and seven combinations of chemical potentials for the two adsorbate 
species. The volume of the system was set so as to obtain an average of about 200 
molecules for good statistics. The system contained 200 molecules and an equimolar 
binary mixture initially. Pure component simulations were also performed for five 
temperatures and seven chemical potentials. Different ranges of the chemical potentials 
were set for different temperatures so as to obtain reasonable final bulk pressures. The 
simulations were conducted with a minimum of 2000 equilibration steps and a minimum 
of 5000 production steps per molecule.  
A 2x2x1 (xyz) block of unit cell, containing 72 atoms, forms the boundary for a 
central channel in the z-direction in the adsorbed phase. The simulation volume 
comprised of 2x2x128 = 512 AlPO4-5 unit cells containing 36864 atoms. A larger 
simulation volume was used for some of the pure methane simulations to ensure good 
statistics. The temperatures and chemical potentials were the same as those for the bulk 
phase simulations. All the other simulation parameters such as the number of 




3.2.4 Error analysis 
 
The simulation for the adsorbed phase at a temperature of 350 K, methane  
chemical potential of –37.5 kJ/mole and an ethane chemical potential of –37.5 kJ/mole 
was run in triplicate. This was done to obtain an estimate of statistical accuracy. The 
standard deviation was obtained from this data set and was assumed to be representative 
of the entire data set. The standard deviation obtained in this way for the average number 
of molecules per unit cell of the adsorbent was found to be 0.3 %. The error bars shown 
using this standard deviation are difficult to visualize on the plots shown and hence have 
been omitted.  
 
3.3 Results and Discussion 
 
3.3.1 Pure component adsorption isotherms 
 
 
We plot the adsorption isotherms as the average molecules per unit cell of  
AlPO4-5 versus the chemical potential of the pure component. The adsorption isotherm 
for pure methane and ethane at 350 K is plotted in Figure 3.2. For pure methane the 
chemical potential of –45 kJ/mole corresponds to a bulk pressure of about 0.6 atm, while 
the chemical potential of –28.5 kJ/mole corresponds to a bulk pressure of 100 atm. For 
pure ethane the chemical potentials of –45kJ/mole and –28.5 kJ/mole correspond to bulk 
pressures of 1.3 atm and 86 atm respectively. These pressures have been obtained from 
the density of the bulk phase simulation and a modified Benedict-Webb-Rubin equation 
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of state fitted for a Lennard-Jones fluid with 33 parameters [18]. As can be seen from the 
figure, the larger ethane molecules are more preferentially adsorbed at low chemical 
potentials corresponding to low pressures, because of the energetic advantage. The ethane 
molecules experience a deeper potential well in AlPO4-5. However at higher values of the 
bulk pressure, the smaller methane molecules are preferred. This happens because at 
higher bulk pressures molecules are packed much closer together and the entropic 
advantage of having smaller methane molecules surpasses the energetic disadvantage of a 
shallower potential well experienced by methane in AlPO4-5. A similar behavior was 
observed by Van Tassel et al. for adsorption of argon and methane in the zeolite NaA [7].  
 
3.3.2 Effect of temperature on the pure component adsorption 
 
Figure 3.3 shows the average number of adsorbates as a function of temperature at 
chemical potentials of -45.0 kJ/mole and –40.0 kJ/mole. Consider the plot for µ = -45.0 
kJ/mole. An increase in the temperature causes an increase in the average number of 
molecules adsorbed at the same chemical potential for both types of adsorbates. Also, 
ethane is adsorbed preferentially for temperatures lower than ~500 K. However, the 
increase in the amount of methane adsorbed is more drastic than that for ethane and, 
eventually, a reversal occurs and methane is preferred over ethane. This can be explained 
in the following manner. An increase in the temperature causes the molecules to explore 
less energetically favorable regions of the potential well. Thus the ethane molecules are 
typically experiencing much higher potential energy than that experienced at lower 
temperatures and the difference between the adsorbate-pore interaction energies of ethane 
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and methane decreases. Eventually the energetic advantage of ethane over methane is 
lost. The entropic advantage of the smaller methane molecules then dominates causing 
methane to be preferred over ethane. This reversal of the type of molecule preferred 
occurs at around 440 K for µ = -40.0 kJ/mole. This can be expected because a higher 
chemical potential corresponds to an increase in pressure at constant temperature. Thus 
the increase in chemical potential causes an increase in the total loading in the adsorbed 
phase. This increase in loading results in a decrease in the free volume and thus the 
entropic advantage of methane exceeds the energetic advantage of ethane at a lower value 
of temperature than in the earlier case where µ = -45.0 kJ/mole.  
 It should be noted here that the temperature effect observed in Figure 3.3 is for 
adsorption at constant chemical potential. Constancy of chemical potential does not imply 
constancy of pressure at varying temperatures. Hence no parallels can be drawn to the 
temperature effect on adsorption at constant pressure. 
 Figure 3.4 shows the pure methane adsorption isotherms for five different 
temperatures. Figure 3.5 shows the pure ethane adsorption isotherms for the same five 
temperatures. The trends in the average number of molecules with chemical potential are 
as expected. The trends in the temperature are also as expected. An increase in 
temperature causes the same value of loading to occur at lower chemical potentials. The 
limited amount of experimental data [19] is also shown on the plots. The chemical 
potential is computed from the experimental pressure following the approach described 
by Van Tassel et al.[7]. The agreement is reasonable considering the fact that we have 
used the ideal gas approximation in the computation of chemical potentials. This 
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approximation however is only used for this comparison and does not appear in any of 
our work. 
 
3.3.3 Binary mixture adsorption isotherms 
 
Figure 3.6 shows the average number of molecules adsorbed per unit cell of the  
adsorbent for the binary mixture when the chemical potentials of the two components are 
equal at 350 K. Also plotted in the figure are the corresponding pure component 
isotherms. It can be seen from the figure that the ethane molecules continue to adsorb in 
the binary mixture independent of the presence of methane in the system. The methane 
molecules however are affected by the presence of ethane molecules, and the increase in 
the amount of methane adsorbed at high chemical potentials in the pure component 
system are not observed in the binary mixture. At low chemical potentials for both  
components, the ethane molecules have a clear energetic advantage over the methane 
molecules and thus the adsorption is dominated by ethane. There is practically no 
methane adsorption at this point. As the chemical potentials of the two components 
increase, the ethane molecules continue to adsorb, while methane manages to adsorb in 
the sites left unoccupied by the ethane molecules. But it fails to displace the energetically 
favored ethane molecules. Thus the entropic advantage of methane is not strong enough 
to overcome the energetic advantage of the ethane molecules in the binary system. A 
similar behavior was observed by Van Tassel et al. in the binary mixtures of methane and 
xenon in zeolite NaA [7]. They showed that a much smaller molecule, viz. argon was 
able to displace xenon but the relatively larger molecule methane could not. 
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 The AlPO4-5 lattice is comprised of cylindrical channels formed by rings of 
Aluminum, Oxygen and Phosphorus atoms. It has been shown, using methods of energy 
minimization, that the lattice consists of toroidal adsorption sites in between the rings [1]. 
Each cell of AlPO4-5 consists of two sites of type 1 and two sites of type 2. The bigger 
type 1 sites are the toroidal adsorption sites between rings, while the smaller type 2 sites 
are the constricted regions between the toroid sites. The bigger type 1 sites can have a 
maximum occupancy of two molecules for methane and ethane, while the smaller type 2 
sites can have a maximum occupancy of one molecule for methane and ethane. An 
additional constraint is placed by the location of these sites, however, on ethane 
adsorption, in that the two adjacent type 1 and type 2 sites cannot both be at full ethane 
occupancy at the same time due to entropic effects. Figure 3.6 shows this effect. At high 
values of the chemical potential, pure methane loading tends to approach six molecules 
per unit cell while the ethane loading at high chemical potentials levels off at about three 
molecules per unit cell. Work is currently in progress on a statistical mechanical theory to 
predict the selectivities of adsorbed mixtures and their transport properties in nanoporous 
materials [20]. 
 A good indication of the ease of separation of a mixture is the selectivity S. We 
define the selectivity for ethane, which is the more preferentially adsorbed component in 










x/xS =      (3.5) 
where xet and xme are the mole fractions of ethane and methane respectively. 
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The ethane selectivity for mixtures at 350 K and where µm = µe, is plotted in Figure 3.7. 
As can be seen from the figure, the selectivity for ethane shows a maximum at an ethane 
(methane) chemical potential of about -42.5 kJ/mole and a distinct minimum at about  
–35.0 kJ/mole. The variation is quite significant from a maximum value of about 19.2 to 
a minimum at about 11.5. It should be noted that the final increase, for chemical 
potentials greater than –35.0 kJ/mole, occurs due to the changes in the ratio of the bulk 
phase mole fractions.  
 Figure 3.8 shows the selectivity as a function of the ethane chemical potential for 
low values of the methane chemical potential. At the lowest value of the methane 
chemical potential, viz. –45.0 kJ/mole, we again see a distinct maximum in the ethane 
selectivity at about 19.2 and a minimum at about 9.7. The selectivity of ethane is a 
product of the ratios of the methane and ethane mole fractions in the adsorbed and the 
bulk phases. The ratio of the methane mole fraction and the ethane mole fraction 
(xmebulk/xetbulk) decreases monotonically, while the ratio (xetpore/ xmepore) increases 
monotonically with an increase in the ethane chemical potential. The increase in the ratio 
of the ethane to methane mole fractions in the adsorbed phase can be expected as an 
increase in the ethane chemical potential causes more ethane molecules to be adsorbed at 
the same methane chemical potential. A similar argument can be used to explain the 
decrease in the inverse ratio, viz. the ratio of methane to ethane mole fractions in the bulk 
phase. Initially, from µet = -45.0 to –42.5 kJ/mole, the increase in the pore ratio is faster 
than the decrease in the bulk ratio leading to a small increase in the selectivity. From this 
point onwards, the decrease in the bulk ratio dominates the overall behavior of the 
selectivity until we reach a minimum at an ethane chemical potential of -35.0 kJ/mole. 
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Beyond this point we see a maximum in the selectivity due to a faster increase in the 
pellet ratio and a final decrease due to a steeper drop in the bulk phase ratio.  
An increase in the chemical potential of methane causes the maximum to 
disappear. At a methane chemical potential of –40.0 kJ/mole, the decrease in the bulk 
ratio of the methane to ethane mole fractions is more drastic than that observed for the 
methane chemical potential of –45.0 kJ/mole. The increase in the adsorbed phase ratio of 
ethane to methane mole fractions is, however, more gradual. This can be explained as 
follows. At the higher methane chemical potential, the initial energetic advantage of 
ethane molecules in the adsorbed phase is now counterbalanced by the presence of a 
larger number of methane molecules. The steeper descent in the bulk phase ratio now 
dominates from the start until we reach a minimum in the selectivity at an ethane 
chemical potential of about –35.0 kJ/mole. Beyond this point, the increase in the 
adsorbed phase ratio begins to dominate causing a gradual increase in the ethane 
selectivity for high values of the ethane chemical potential. 
 Figure 3.9 shows the ethane selectivity for higher values of the methane chemical 
potential. We now have a much higher maximum occurring at the lowest value of the 
ethane chemical potential. For the highest value of the methane chemical potential, there 
is a drastic decrease in the bulk ratio with increasing ethane chemical potential. This can 
be expected, as the initial bulk ratio of methane to ethane mole fractions is very large due 
to the high methane chemical potential. An increase in the ethane chemical potential then 
causes a drastic decrease in this ratio. The increase in the adsorbed phase ratio is fairly 
gradual, since the energetic advantage of ethane is substantially counterbalanced by the 
large amount of methane molecules adsorbed due to the large methane chemical 
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potential. Thus the decrease in the bulk ratio again dominates until an ethane chemical 
potential of about –35.0 kJ/mole. Beyond this point we see a slight increase in the ethane 
selectivity corresponding to the increase in the adsorbed phase ratio due to the increase in 
the ethane chemical potential. Similar trends are observed for lower values of the 
methane chemical potentials; however, the decrease in the bulk ratio of methane to ethane 
mole fractions with increasing ethane chemical potential is less drastic. 
 
 
3.3.4 Effect of temperature on binary mixture adsorption  
 
Figure 3.10 shows the ethane selectivity as a function of temperature for the 
ethane and methane chemical potential of –45.0 kJ/mole. The ethane selectivity decreases 
from about 19 at 350 K to about 8 at 400 K. The ratio of the ethane to methane mole 
fractions in the adsorbed phase decreases monotonically with an increase in temperature. 
This can be expected because an increase in the temperature decreases the energetic 
advantage that the ethane molecules have over methane. The behavior of the bulk ratio of 
the methane to ethane mole fractions is not monotonic however. The bulk ratio decreases 
from 350 to 400 K causing a steep descent in the selectivity in this region. We then see an 
increase in this ratio from 400 to 450 K, causing the increase in the selectivity. These 
changes in the values of the bulk ratio from 400 to 500 K are fairly small however and 
may not be statistically significant. 
Figure 3.11 shows the ethane selectivity as a function of the chemical potential 
such that µe = µm for five different temperatures. As the temperature increases, the 
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change in the ethane selectivity as a function of the chemical potential is less drastic. This 
behavior can be expected because an increase in the temperature decreases the energetic 
advantage that the ethane molecules have over methane. This tends to flatten the 
selectivity curves. We can expect the ethane selectivity to approach a constant value at 
high temperatures. This high temperature selectivity would be governed only by the 




We have presented the adsorption isotherms for pure methane and ethane in 
AlPO4-5 as a function of temperature. Adsorption isotherms for mixtures of methane and 
ethane in AlPO4-5 have also been presented as functions of various combinations of the 
chemical potentials of the two species and temperature. At low loadings, the energetically 
favorable ethane molecules are preferentially adsorbed; however at high loadings the 
entropic advantage of methane molecules dominates and we see a reversal in the 
adsorption behavior for the pure components. This type of reversal is also seen as a 
function of temperature. Thus at lower temperatures the energetically favorable ethane 
molecules are preferred. At higher temperatures however, the energetic advantage of 
ethane decreases as more molecules explore the less energetically favorable regions and 
eventually the smaller methane molecules are preferentially adsorbed. Also, an increase 
in the chemical potential causes the reversal to occur at a lower value of temperature.  
 The binary adsorption isotherms do not reflect this reversal of adsorptive 
preference. At low chemical potentials, ethane molecules dominate the adsorption 
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process due to their clear energetic advantage. However, with an increase in the chemical 
potentials of both species, methane molecules adsorb in the sites left unoccupied by the 
larger ethane molecules, but fail to displace ethane molecules. Thus ethane continues to 
adsorb like it would as a pure component, while the methane adsorption is still much less 
than in the pure component case. The selectivity for ethane adsorption in AlPO4-5 was 
shown to be a strong function of the relative chemical potentials of the two species. The 
selectivity is also a strong function of temperature at low temperatures. An increase in the 
temperature decreases the ethane selectivity due to the decrease in the energetic 
advantage of ethane as molecules explore less energetically favorable regions. The 
selectivity was shown to approach a constant value with increasing temperature. This 
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Table 3.1. Lennard Jones 20-6 parameters 
 
 σ (Å) ε (K) 
   
   
Methane-methane 3.882 81.97 
   
ethane-ethane 4.418 137.62 
   
Methane-ethane 4.150 106.22 
   
Methane-oxygen 3.083 84.41 
   
ethane-oxygen 3.322 94.24 





























Figure 3.2. Average number of molecules per unit cell for the adsorption of pure methane and ethane in AlPO
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4-5 as a function of 
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Figure 3.3. Average number of molecules per unit cell for the adsorption of pure methane and ethane in AlPO4-5 as a function of 
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Figure 3.4. Average number of molecules per unit cell for the adsorption of pure methane in AlPO4-5 as a function of the 
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Figure 3.5. Average number of molecules per unit cell for the adsorption of pure ethane in AlPO
58
4-5 as a function of the chemical 
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Figure 3.6. Average number of molecules per unit cell for the adsorption of binary mixtures of methane and ethane in AlPO4-5 for  
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Figure 3.8. Ethane selectivity in binary mixtures as a function of the ethane chemical potential at low values of the methane 
chemical potential in AlPO
61
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Figure 3.9. Ethane selectivity in binary mixtures as a function of the ethane chemical potential at high values of the methane 
chemical potential in AlPO
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Figure 3.11. Ethane selectivity in binary mixtures of methane and ethane in AlPO
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4-5 as a function of the chemical potential such 







Obtaining Transport Diffusion Coefficients from Self-diffusion Coefficients in 





This part is a lightly revised version of a paper by the same name submitted to the journal 
Mol. Phys. in 2003 by Parag Adhangale and David Keffer. 
 
Adhangale, Parag; Keffer, D. J., “Obtaining Transport Diffusion Coefficients from Self-
Diffusion Coefficients in Nanoporous Adsorption Systems”, Submitted, Mol. Phys., 2003. 
 
My use of “we” in this chapter refers to my co-authors and myself. My primary 
contributions to this paper include: (1) selection of the topic and development of the 
problem into a work relevant to my study of the equilibrium properties of fluids adsorbed 
in nanoporous materials, (2) all of the simulation work and analysis,(3) analytical 
evaluation of the thermodynamic factors for various equations of state, (4) Principal 
Component Regression for data manipulation (4) implementation of the Darken Equation 







AlPO4-5 belongs to a class of nanoporous materials that contains a network of 
 parallel, roughly cylindrical channels. (See Figure 4.1 in the Appendix). These channels 
are formed by rings of 12 oxygen, 6 phosphorus and 6 aluminum atoms. The channels 
have a nominal diameter of 7.3 Å, although the cross-sectional area varies along the 
length of the channel, depending on whether we are at a ring or in between rings [1]. The 
crystal structure has been experimentally determined by x-ray diffraction method [2]. The 
channels never intersect in an ideal crystal. Although these channels have a radial 
dimension, the long-time mean square displacement has a non-zero component only in 




4.1.2 Unidirectional motion of fluids 
 
 In the case of unidirectional diffusion of adsorbates in nanoporous materials, two 
types of motion are observed. If the pore is large enough to allow adsorbates to pass each 
other inside the channel, then the mean-square displacement is directly proportional to 
the observation time in the long-time limit, as given by the Einstein’s relation, viz. 




     (4.1) 
where r(t) denotes the position of the molecule at time t. The proportionality constant is 
twice the diffusion coefficient, D, having the units of length squared per time [3]. It is 
worth noting here that the diffusion coefficient thus obtained is a self-diffusion 
coefficient since it is obtained from an equilibrium molecular dynamics simulation in the 
absence of a net concentration gradient. If the molecules are not able to pass each other in 
the pore, then we observe single-file motion, which has been described elsewhere [4]. 
 
4.1.3 Review of published work 
 
 In 1948 Darken, while studying the diffusion of binary alloys, derived an 
approximate relationship between self-diffusivity of the components and the transport (or 
Fickian) diffusivity [5]. The expression is given as 










alndDxDxD ,self,self      (4.2) 
where Dαβ is the transport diffusion coefficient, xα and xβ are the mole fractions of 
components α and β and aα is the activity for component α. 
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Hartley and Crank presented the relationships between the different diffusion 
coefficients in several frames of reference [6]. The validity of the Darken Equation was 
critically reviewed by Carman for various systems [7,8]. Carman concluded that for 
simple systems that were nearly ideal, the Darken Equation was a good approximation 
[7]. Carman also published work that considered the applicability of the Darken Equation 
to the available data for complex systems that involved formation of compounds, dimers, 
hydration and dissociation. For complex systems, Carman found systematic errors, which 
indicated a discrepancy in the Darken formalism. The lack of experimental data, 
however, did not provide any conclusive evidence for the failure of the Darken Equation 
[8]. 
 The validity of the Darken Equation in liquid binary systems received a good deal 
of attention in the following years. McCall and Douglass compared experimental results 
for a few binary systems with the Darken and Hartley-Crank Equations and the 
formalism of Bearman and Eyring. They found that these formalisms could not provide 
quantitative agreement [9]. Ghai et al. reviewed the field of diffusion in liquid systems of 
non-electrolytes and have compared the various correlations with experimental data 
[10,11]. Molecular dynamics simulations have also been reported for liquid mixtures that 
compared the mutual diffusion coefficient with the self-diffusion coefficients [12,13].  
 The Darken formalism for pure components adsorbed on a zeolite was discussed 
by Kärger [14]. Kärger also presented an expression for the transport diffusion coefficient 
in terms of the self-diffusion coefficient for multicomponent systems, which are close to 
being ideal.  
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 Multicomponent diffusion of adsorbates in molecular sieves has been studied by 
Chen and Yang [15]. They have presented a formalism to predict the binary transport 
diffusion coefficients from pure component transport diffusion coefficients with 
emphasis on surface diffusion. Sikavitsas and Yang present a critical review of the work 
in this field [16]. 
 In an adsorption system, experimental data regarding transport diffusion 
coefficients is quite scarce and expensive to generate, given the wide variety of 
nanoporous adsorbent and adsorbate systems. One way to obtain these data is to take 
recourse to obtaining it directly using non-equilibrium molecular dynamics simulations, 
which is computationally expensive. Another solution is to use linear irreversible 
thermodynamics (LIT) to calculate phenomenological coefficients from an equilibrium 
MD simulation, which in turn can be related to the transport diffusivity. An alternative 
approach, which we employ in the current work, is to use the Darken Equation. This 
formalism has been used to study the composition dependence of self and transport 
diffusion coefficients in multicomponent bulk systems. The authors also show that 
careful simulations in various ensembles yield consistent thermodynamic and transport 
properties [17]. The relative advantages and drawbacks of the LIT method and the 
Darken Equation have been compared for a methane/ethane binary mixture at high 
pressures [18]. The LIT approach requires averaging over multiple simulations to obtain 
a statistically reliable transport diffusivity. The Darken Equation on the other hand can 
predict transport diffusivities within 6 % of the more rigorous approach and is far less 
susceptible to statistical error and requires much less computational effort. Also, the 
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transport diffusivities obtained using the LIT approach are dependent on the specification 




The flux of a molecular species is related to the net concentration gradient in the 
system through the use of a transport diffusion coefficient in a Fick’s law type of 
formalism. This transport diffusion coefficient can be related to the self-diffusion 
coefficients of the components in the system, as discussed before, using the Darken 
relation, viz. Equation (4.2). 
 In a bulk system, one relatively simple way of evaluating the thermodynamic 
factor in Equation (4.2) is to use an equation of state. The factor could also be computed 
using Grand Canonical Monte Carlo simulations [19], or by using Widom’s particle 
insertion method [20].  
 In an adsorption system, however, equations of state are not applicable in the 
adsorbed phase and Widom’s particle insertion method is difficult. We use the following 
approach.  




















=  (4.3) 
 
where the superscript ads refers to quantities in the adsorbed phase. 
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Consider a bulk phase that is in equilibrium with the adsorbed phase. The two 









         (4.4) 
We can express x∝ads as a function of (T, P and x∝bulk), which are properties of the 
bulk phase in equilibrium with the adsorbed phase. Using the chain rule of differentiation 




















































α      (4.5)  
From Equation (4.4), we can write, 
obulkoads alnRTalnRT µ+=µ+ αα       (4.6) assuming 
the same reference state was used for both phases. 


































α        (4.7) 
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α can be obtained analytically from an equation of state. 
We shall use the modified Benedict-Webb-Rubin equation of state fitted for a Lennard-
Jones fluid with 33 parameters [21]. The equation is reported to give a good 
representation of the fluid phase pressure over wide ranges of temperatures and 
concentrations. The usual mixing rules are used to obtain the Lennard-Jones size and 
energy parameters for the mixture. 

















 as a function 
of the temperature, adsorbed phase concentration and adsorbed phase mole fraction. This 
can be obtained from adsorption equilibrium data for the system. 
 We will use this approach to obtain the transport diffusion coefficients required in 
a process simulation of an adsorption system. We have discussed the methodology to 
obtain statistically reliable self-diffusion coefficients in a system through the use of 
molecular dynamics computer simulations [17]. The adsorption equilibrium data has been 












In Molecular Dynamics simulations, ethane was modeled as a two-center molecule, 
i.e. a rigid diatomic. The Lennard-Jones 20-6 potential was used for all the interactions, 
as in the previous work. The reasons for this choice have been described in that work [3].  
The LJ  12-6 parameters for methyl groups in ethane and the bond length were 
obtained from literature [23]. The interaction parameters for unlike groups, i.e. (methyl-
oxygen) were obtained using the Kirkwood-Muller formulae [4].  
 As in the previous work, the interactions between the adsorbates and the AlPO4-5 
lattice comprised only of the methyl-oxygen terms as being the most significant [4]. The 
x-ray crystallography data of Bennett et al. [2] was used to obtain the location of the 
oxygen atoms in the framework. The framework was considered rigid and the effect of 
electrostatic interactions was neglected. 
 
4.2.2 Simulation techniques 
 
4.2.2.1 Molecular Dynamics simulations 
 
Molecular Dynamics simulations were performed using 256 adsorbate 
 molecules. The fifth-order Gear Predictor/Corrector scheme was used for the integration 
of Newton’s Equations for both the translational and rotational components [20]. A 
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2x2x1 (xyz) block of unit cell, containing 72 atoms, forms the boundary for a central 
channel in the z-direction. For loadings of 0.5, 0.75 and 1.0 adsorbate molecules per unit-
cell length, the simulation volume comprised of 2x2x256 = 1024 AlPO4-5 unit cells 
containing 73728 atoms. A simulation volume comprised of 2x2x128 = 512 AlPO4-5 unit 
cells containing 36864 atoms was used for loadings of 1.5 and 2.0 adsorbate molecules 
per unit cell length to limit the computational effort required to a reasonable level. 
 For each data point, the first 10,000 simulation steps were used for equilibration 
during which a Berendson thermostat was used to maintain constant temperature [24]. 
The production stage consisted of 1,000,000 simulation steps, with a time step of 2 fs, 
yielding a 2 ns simulation time. Two ns has been shown to be a sufficient length of time 
to establish the long-time behavior for single-file motion. [4]. Ordinary diffusion takes 
about 10 ps. The production stage was microcanonical. The simulations were performed 
on the IBM SP-2 using 4 processors. The total CPU time for each simulation was about 
120 hours. 
 Einstein’s Relation as given in Equation (4.1) was used to compute the diffusion 
coefficient. The MSD used in these equations were computed from the positions of 
adsorbates that were periodically saved during the simulation. The short-time behavior up 
to 2 ps (which is free motion) was neglected in the least squares regression. The standard 
deviations of the diffusivities were calculated from the coefficients of linear regression 
[25]. 
 The motion of the diatomic molecule in 3-D space is conveniently expressed as a 
combination of the translation of the center of mass and rotation about the center of mass. 
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Quaternions have been used instead of the Euler angles to denote the angular positions 
due to numerical stability considerations [20].  
 Also for a diatomic molecule, there exist only two rotational degrees of freedom, 
as the molecule is symmetric in one dimension. Simulations were performed for pure 
methane and ethane and for binary mixtures of ethane and methane with three different 
compositions, viz. 25, 50 and 75 mole % ethane. Also these simulations were performed 
at six different temperatures going from 350 K to 600 K in steps of 50 K. This gives us a 
data grid consisting of six temperatures, five total loadings and five mixture 
compositions. 
 
4.2.2.2 Grand Canonical Monte Carlo simulations 
 
 The GCMC simulations were performed in order to obtain the adsorption 
isotherms for the system [22]. Each point on the isotherm is obtained via two simulations, 
viz. one in the bulk phase and another in the adsorbed phase at the same component 
chemical potentials and temperature. The simulations were performed in the bulk phase 
for five different temperatures and seven combinations of chemical potentials for the two 
adsorbate species. The volume of the system was set so as to obtain an average of about 
200 molecules for good statistics. The system contained 200 molecules and an equimolar 
binary mixture initially.  
A 2x2x1 (xyz) block of unit cell, containing 72 atoms, forms the boundary for a 
central channel in the z-direction in the adsorbed phase simulations. The simulation 
volume comprised of 2x2x128 = 512 AlPO4-5 unit cells containing 36864 atoms. A 
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larger simulation volume was used for some of the pure methane simulations to ensure 
good statistics. 
 




 One of the goals of the current work is to integrate the molecular simulations with 
process simulations. In order for this to work, a data grid such as the one generated in this 
work is essential. The intermediate values can then be obtained using a simple 
interpolation scheme during an actual process simulation.  
As has been described in Section 4.1.4, the prediction of the transport diffusion  
coefficient from the self-diffusion coefficients requires the knowledge of the adsorption 
equilibrium relationship for the two components in AlPO4-5. The GCMC simulations 
yield the equilibrium adsorbed phase composition and mole fractions as functions of the 
bulk phase concentration and mole fraction at a particular temperature. Figure 4.2 shows 
a schematic of the data grid obtained from the simulations and the data grid desirable for 
efficient interpolation. The data, generated from GCMC simulations, is available on a 
regular grid of the component chemical potentials, which translates into a highly irregular 
grid of the bulk phase concentration and mole fraction. We need to be able to obtain the 
bulk phase concentration and mole fraction as a function of temperature, adsorbed phase 
concentration and adsorbed phase mole fraction, for use in Equation (4.8). This requires 
the use of some form of regression to obtain a reasonable fit to the data on to the regular 
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grid of adsorbed phase concentrations and mole fractions. To obtain the derivative 
(dxibulk/dxiads)T, P, we also need the bulk phase mole fraction at an arbitrary set of 
conditions defined by the adsorbed phase mole fraction, temperature and pressure.  
 There are two requirements in this statistical manipulation of the data. The results 
from the method need to be statistically significant as well as physically reasonable. The 
problem is a multivariate regression problem and the Multiple Least Squares Regression 
(MLSR) method gives physically unreasonable predictions at certain data points due to 
the non-uniform structure of the simulation data grid. For example, simple MLSR applied 
to the available simulation data yields a model that does not always predict mole fractions 
between zero and one. Clearly, this is unacceptable. 
We hence take recourse to Principal Component Regression. The method is 
chosen for its simplicity and stability. This method has been widely used in process 
control applications to obtain reasonable statistical models given a wide range of process 
data. This method is also widely used in analyzing spectroscopic data. A brief overview 
of the method as applied to the current work follows. Details of the method for various 
applications are described elsewhere [26]. 
We also need to interpolate self-diffusion coefficients using the MD simulation 
data. This interpolation is required to obtain values on the same regular data grid of 
adsorbed phase concentration and adsorbed phase methane mole fraction, as was used for 
the GCMC data regression. This interpolation is also done using Principal Component 






 We use a piecewise linear model to predict the bulk phase concentration and mole 
fraction as a function of the adsorbed phase concentration and mole fraction at a given 
temperature. We then duplicate the regression to predict the bulk phase mole fraction as a 
function of the adsorbed phase mole fraction, temperature, and the pressure of the bulk 
phase in equilibrium with that adsorbed phase. More complex models are not warranted 
and may result in dubious behavior.  
 The data set is mean centered and scaled so as to get the column variance to sum 
to unity. Mean centering eliminates the need for the constant and scaling ensures equal 
importance to both concentration and mole fraction. Each prediction is made using six 
nearest points in the simulation data grid. These six points are chosen as follows. Four of 
these six points belong to the four quadrants surrounding the prediction point, while two 
other nearest points are also used. Thus for our given model, the X data matrix, the 
independent variable set is comprised of two columns, viz. the adsorbed phase total 
concentration and mole fraction with six rows corresponding to the six nearest points as 
discussed before. Singular Value Decomposition (SVD) is then carried out for the X data 
matrix after mean centering and scaling. We then get 
 pxpnxppxppxpnxpnxp 'VT'VUX =Λ=     (4.9) 
where the T matrix is the scores matrix, the V matrix is the loading matrix and V’ denotes 
its transpose. Also worth noting is the fact that 
 nxppxpnxppxpnxp TUVX =Λ=      (4.10) 
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This can be viewed as a transformation of the X data from the lab frame of reference onto 
a new set of axes called the principal components, which are orthogonal to each other. 
This transformation enables the identification of the true number of independent variables 
in the system for large sets of process data in process chemometrics applications.  
 Since the bulk phase concentration and mole fraction are only dependent on the 
adsorbed phase concentration and mole fraction and not on each other, these two 
variables are regressed separately. Also, the regression is done on the principal 
components of the X data set, i.e. with respect to the new coordinate system. We can 
therefore write 
 ( ) 1nxpxpnxp1nx bVXy =        (4.11) 
where ynx1 denotes the vector of dependent variables viz. bulk phase concentration and 
bulk phase mole fraction and bnx1 denotes the vector of regression coefficients. 
Thus 
       (4.12) ( ) 1nx1pxpnxp1nx yVXb −=
The prediction is then performed using the regression coefficients obtained in this 
step in the new coordinate system. Thus the new X values viz. the adsorbed phase 
concentration and mole fraction on the center point of the regular grid are then centered 
and scaled similar to the earlier X matrix and transformed into the new coordinate 
system. The predicted values of the adsorbed phase concentration and mole fraction are 
then obtained as  
 ( ) 1nxpxpgridxp1pred1x1 bVXy =     (4.13) 
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As mentioned previously, this prediction is performed separately for the bulk 
phase concentration and the bulk phase mole fraction. The entire process is then repeated 
with the adsorbed phase mole fraction and the pressure of the bulk phase in equilibrium 
with the adsorbed phase as the two columns in the independent X data matrix. The bulk 
phase mole fraction is the dependent variable, required to calculate (dxibulk/dxiads)T, P as 
mentioned earlier. 
 
4.3 Results and Discussion 
 
4.3.1 Effect of concentration 
 
 Figure 4.3 shows the bulk pressures predicted by four equations of state (EOS), 
viz. Ideal Gas Law, van der Waal’s EOS, Peng Robinson EOS and Lennard-Jones EOS. 
This plot is a reverse isotherm. The prediction of the bulk pressure requires the bulk 
concentration and bulk methane mole fraction as a function of the adsorbed phase 
concentration and methane mole fraction. This information has been obtained from the 
reverse isotherm data grid predicted using PCR. The Lennard-Jones EOS, mentioned in 
Section 4.1.4, is the primary equation of state of interest because of its reasonableness 
over wide ranges of pressure and temperature. The other equations of state are presented 
only for the sake of comparison. An increase in the adsorbate phase concentration 
corresponds to an increase in the bulk pressure. This is as per our expectations, as 
initially it is easier to adsorb molecules on to the adsorbent lattice due to the energetic 
advantage. However, as the adsorbed phase concentration increases, the entropic factors 
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come into effect and it becomes increasingly difficult to adsorb more molecules. As can 
be seen from Figure 4.3, the predictions from the four equations of state begin to differ at 
the higher adsorbed phase concentrations. 
 Figure 4.4 shows dxmethbulk/dxmethads as a function of the adsorbed phase 
concentration for a 50 % mixture at 400 K. As can be seen from the plot, at lower 
concentrations, it takes a much larger change in the bulk phase methane mole fraction to 
bring about small changes in the adsorbed phase concentration. This has been shown 
before [22]. At lower adsorbed phase concentrations, ethane is preferred due to its 
energetic advantage. At higher concentrations, methane starts to adsorb in the remaining 
sites. Although it has an entropic advantage, methane fails to displace the energetically 
favored ethane molecules. There is a sharp inflection in dxmethbulk/dxmethads at a 
concentration of about 2.1 x 10-3 molec/Å3. This is probably attributable to noise. 
 The thermodynamic factor in Equation (4.8) is plotted in Figure 4.5. As can be 
seen from the plot, the factor decreases with increasing adsorbed phase concentrations 
initially and then essentially levels off. This thermodynamic factor causes as much 
change in the transport diffusivity as a function of adsorbed phase concentration as does 
the contribution from the self-diffusivities. 
Figure 4.6 shows the transport diffusion coefficients obtained from Equation (4.8) 
and the self-diffusion coefficients for methane and ethane in the 50 mole % mixture. The 
methane self-diffusion coefficients are larger than the corresponding ethane values. This 
occurs because methane, being a smaller molecule, has lower steric hindrance to its 
motion. Methane molecules have a larger activation energy for diffusion than ethane 
molecules [27], but the steric advantage outweighs the unfavorable energetic factor. Also, 
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as we expect, an increase in the adsorbed phase total concentration causes a general 
decrease in the self-diffusion coefficients. This occurs due to a decrease in the free 
volume available for molecular motion due to an increase in concentration. Since the self-
diffusion coefficients and the thermodynamic factor decrease with increasing adsorbed 
phase mole fraction, the transport diffusion coefficient, which is essentially a product of 
these two terms for a particular mole fraction, also decreases with increasing adsorbed 
phase concentration. This result is also as per our expectations, since an increase in the 
net concentration in the adsorbed phase would create more resistance to the mobility of a 
molecule, even under the influence of a concentration gradient. 
 
4.3.2 Effect of mixture composition 
 
 We have performed simulations spread across a range of compositions, densities 
and temperatures. In the previous plots we focused on a slice through this phase space, 
keeping temperature and adsorbed phase composition constant, but varying the density of 
the adsorbed phase. We now turn our attention to a different slice through phase space, 
keeping temperature and adsorbed phase density constant, but varying the composition of 
the adsorbed phase. This slice through phase space is no less important because in a 
process-level simulation, all variables—temperature, composition, density—may be 
varying simultaneously and one must understand the functional dependence of system 
properties on each other. 
 Figure 4.7 shows the bulk phase concentration as a function of the adsorbed phase 
methane mole fraction. As can be seen from the figure, initially, relatively large changes 
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in the bulk concentration are required to bring about an increase in the adsorbed phase 
methane mole fraction. This is because ethane is the energetically favored molecule. At 
higher bulk phase concentrations, the adsorbed phase methane mole fraction increases 
faster, since methane adsorbs in the remaining vacant space, which is too small to admit 
an ethane molecule.  
Figure 4.8 shows the bulk phase methane mole fraction as a function of the 
adsorbed phase methane mole fraction. The negative concavity of the curve indicates 
that, at all compositions, ethane is favored in the adsorbed phase (for this given adsorbed 
phase density and temperature). 
 Figure 4.9 shows the thermodynamic factor as a function of the adsorbed phase 
methane mole fraction. As can be seen from the plot, the thermodynamic factor generally 
decreases as a function of the adsorbed phase methane mole fraction. There is some noise 
in the thermodynamic factor. This noise can be attributed to the following factors. The 
thermodynamic factor is calculated based on an interpolation scheme as discussed in 
Section 4.2.3. This interpolation is based on a data set obtained from Grand Canonical 
Monte Carlo simulations, which is the source of some statistical noise. In addition to that, 
the factor, (dxibulk/dxiads)T,P is calculated at the two closest points on the pressure grid and 
then interpolated. The self and transport diffusion coefficients, at a concentration of 
3.395x10-3 molec/Å3 and a temperature of 400 K, are plotted as a function of the 
adsorbed phase methane mole fraction in Figure 4.10. As can be seen from the plot, an 
increase in the methane mole fraction causes an increase in the methane self-diffusion 
coefficient. This can be expected, as an increase in the methane mole fraction in the 
adsorbed phase increases the available free volume for molecular motion. The transport 
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diffusion coefficient decreases with increase in the methane mole fraction. This is 
contrary to the trend observed for the self-diffusion coefficients. The transport diffusion 
coefficient is a product of a combination of the self-diffusion coefficients and the 
thermodynamic factor, and the latter effect is more pronounced, thus causing the 
decrease.  
 
4.3.3 Effect of temperature 
 
 Figure 4.11 shows the methane and ethane self-diffusion coefficients at a 
concentration of 3.395x10-3 molec/Å3 as a function of the adsorbed phase methane mole 
fraction at four different temperatures. As can be seen from the plot, in general, as 
temperature increases, the self-diffusion coefficients increase. This is as we expect: an 
increase in the temperature causes an increase in the molecular kinetic energies, leading 
to an increase in the mobility. 
 Figure 4.12 shows dxmethbulk/dxmethads as a function of the adsorbed phase methane 
mole fraction for four different temperatures. The factor has the adsorption isotherm built 
into the calculation. Although an increase in the temperature, causes an increase in the 
bulk concentration required for the same amount of adsorption, the trends in the 
composition are fairly nonlinear. As a result, the trends in the factor plotted are fairly 
nonlinear with respect to temperature. 
 Figure 4.13 shows the transport diffusion coefficient as a function of the adsorbed 
phase methane mole fraction for various temperatures. The transport diffusion coefficient 
is the product of a combination of the self-diffusion coefficients and the thermodynamic 
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factor. The transport diffusion coefficient shows a general increase with an increase in 
temperature as is expected. There is some noise in the transport diffusion coefficient as a 
function of the adsorbed phase mole fraction as well as temperature. This noise can be 
attributed to the noise in the thermodynamic factor. The transport diffusion coefficient 
shows a slight increase with increasing methane mole fractions at 600 K. This is due to 
the fact that the ethane self-diffusion coefficient increases more rapidly with an increase 





 We have presented a viable approach to obtaining transport diffusion coefficients 
from self-diffusion coefficients in nanoporous adsorption systems from molecular-level 
simulations. We have shown that by using Principal Component Regression, one can 
render the thermodynamic and transport properties obtained from a suite of 
microcanonical Molecular Dynamics and Grand Canonical Monte Carlo simulations into 
a form that can be implemented in process-level models. We have investigated the effect 
of concentration on the transport diffusivity. We have shown that an increase in the 
adsorbed phase concentration, at a constant composition and temperature, causes a 
decrease in the self-diffusion coefficients for methane and ethane as well as a decrease in 
the thermodynamic factor. The transport diffusion coefficient has thus been shown to 
decrease with increasing adsorbed phase concentration.  
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 We have also investigated the effects of system composition. The self-diffusion 
coefficients were shown to increase in general with increasing adsorbed phase methane 
mole fraction. The thermodynamic factor was shown to decrease with increasing methane 
mole fraction to a greater extent. As a result, the transport diffusion coefficient was also 
shown to decrease with increasing adsorbed phase methane mole fractions. We have also 
shown that the self-diffusion coefficients increase with increasing temperature, at 
constant adsorbed phase concentration and methane mole fraction. The transport 
diffusion coefficient has also been shown to increase with increasing temperature.  
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Figure 4.2. Schematic of the data grid obtained from the GCMC simulations and the grid 
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Figure 4.5. Thermodynamic factor from four equations of state as a function of the adsorbed phase concentration at x
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meth
ads = 0.5 
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Figure 4.7. Bulk concentration as a function of the adsorbed phase methane mole fraction at an adsorbed phase concentration 
c
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Figure 4.8. Bulk phase methane mole fraction as a function of the adsorbed phase methane mole fraction at an adsorbed phase 
concentration conc
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Figure 4.9. Thermodynamic factor from four equations of state as a function of the adsorbed phase methane mole fraction at an 
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ure 4.10. Self and transport diffusion coefficients as functions of the adsorbed phase methane mole fraction at an adsorbed 
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Figure 4.11. Methane and ethane self-diffusion coefficients as functions of the adsorbed phase methane mole fraction at an 











0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0




















bulk/dxiads) T, P as a function of the adsorbed phase methane mole fraction at an adsorbed phase concentration 
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re 4.13. Transport diffusion coefficients as functions of the adsorbed phase methane mole fraction at an adsorbed phase 







Sensitivity of Process Simulations of Multi-component Adsorption Systems to 









AlPO4-5 belongs to a class of nanoporous materials, which contains a network of 
 parallel, roughly cylindrical channels. (See Figure 5.1.) These channels are formed by 
rings of 12 oxygen, 6 phosphorus and 6 aluminum atoms. The channels have a nominal 
diameter of 7.3 Å, although the cross-sectional area varies along the length of the 
channel, depending on whether we are at a ring or in between rings [1]. The crystal 
structure has been experimentally determined by x-ray diffraction method [2]. The 
channels never intersect in an ideal crystal. Although these channels have a radial 
dimension, the long-time mean square displacement has a non-zero component only in 
the axial dimension. Hence we refer to this network of channels as one-dimensional. 
 
5.1.2 Review of published work 
 
 Rapid developments in the field of synthetic adsorbents have led to a considerable 
growth in the applications of adsorption in the process industries [3]. Apart from the 
more traditional applications of adsorptive processes, some novel applications have also 
been introduced. One such application is the use of adsorptive cooling as an alternative to 
the traditional mechanical compression refrigerator [4]. Also worth mentioning is the 
pressure swing adsorption reactor, which can yield a remarkable increase in the catalyst 
productivity and reactant conversion [5].  
 104
One of the more conventional applications, which has seen tremendous use in gas 
separation, is the pressure swing adsorption (PSA) process. It is inherently an unsteady-
state process that utilizes successive pressurization and depressurization steps in an 
adsorbent bed to effect a separation of gaseous mixtures with components that have 
different adsorption and transport characteristics in the adsorbent. Another variant of the 
process, the so called Rapid PSA, is also receiving considerable attention due to 
significant reduction in the equipment size [6].  
 Although the PSA process has been extensively studied for several years, the 
exact prediction of the effects of various process variables and parameters on the system 
behavior is difficult due to the complex interrelations between various factors. 
Macroscopic simulations, involving the combined mass, momentum and energy balances, 
help provide valuable insights into the process behavior. Hence these simulations are 
valuable tools in the design and optimization of such processes [3].  
The flow characteristics and the balances in adsorption processes are often times 
similar to other applications of packed beds such as the heterogeneous reactors used in 
chemical industries as well as the heat recovery beds used for energy conservation. Thus 
the applicability of such simulations is often easily generalized to include a large group of 
processes.  
Macroscopic simulations of adsorption processes are thus extremely valuable 
tools and have been used and studied for many years [7]. The modeling of adsorption 
processes begins with a mass balance over all the components of the gaseous mixture. 
The overall balance involves terms that describe the transport of the species in and out of 
a control volume due to various mechanisms, terms that describe the generation / 
 105
depletion, and terms that describe the net accumulation. Various models are required to 
describe these terms further.  
The generation / depletion term, in our case, involves the rates of adsorption / 
desorption of the particular component. This process, in itself, is comprised of multiple 
steps that occur in series. The external mass transfer resistance to adsorption may be 
significant in some cases, which would require the use of Linear Driving Force (LDF) 
approximations. In many cases, however, this is not the case, and a local equilibrium 
approximation, which assumes that the bulk phase and the surface of the adsorbed phase 
are in equilibrium at every point in the system, suffices [3]. 
A balance also needs to be performed over the adsorbed phase for each 
component. This, in itself, involves a fair degree of complexity. Often, the biggest 
challenge is to describe the structure of the adsorbent. Various detailed models that 
describe the porous structure have been developed and newer developments are still 
being reported. A practical alternative for describing the adsorbent phase is to describe 
the diffusion in terms of a single pore and use empirical factors such as the adsorbent 
pellet porosity and tortuosity [8]. This approach has been widely utilized in modeling 
packed beds for many years, and will be used in the current work due to its simplicity and 
versatility.  
The current work focuses on studying the efficacy of the use of physico-chemical 
properties generated using molecular level simulations, in macroscopic simulations. This 
particular task has not been presented in the literature. Hence the review of published 
work mainly focuses on macroscopic simulations of adsorption systems and is by no 
means comprehensive. 
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5.2 Macroscopic Model 
 
 We make the following assumptions in our development of the macroscopic 
model: radial variations in all the variables are negligible; the adsorbing pellet surface 
concentration is in equilibrium with the bulk concentration at that axial distance and 
convective mass transfer inside the pellet is negligible. Using these assumptions, the mass 
balances in the bulk phase and the adsorbed phase are presented below. 
 
5.2.1 Bulk mass balance 
 
Mass balance on component A in a differential fluid element as shown in figure 
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          (5.1) 
where JA is the flux of A due to diffusion, FA is the rate of adsorption of component A, 
per unit volume of the bed, Ac is the cross sectional area of the bed and v* is the molar 
average velocity. 
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where DAB is the transport diffusion coefficient, CT is the total concentration and xA is the 
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Thus we have two nonlinear partial differential equations since DAB and the bulk 
fluid velocity is a function of concentration. The initial and boundary conditions required 
for the solution of the above system are as follows: 
A: 
At t = 0, CA = CA0 for all z 
At z = 0, CA = CAin for all t 
At z = L, dCA/dz = 0 for all t 
B: 
At t = 0, CB = CB0 for all z 
At z = 0, CB = CBin for all t 





5.2.2 Pellet mass balance 
 
Mass transfer on a spherical shell as shown in Figure 5.2 yields 











=−+− +        (5.6) 
where S is the shell surface area, JA* is the flux of component A and CA* is the 
concentration of A in the adsorbed phase. 
We use Fick’s Law to describe the diffusive mass transfer inside the adsorbent. 
Also the flux is described in terms of the effective diffusion coefficient. The effective 
diffusion coefficient in turn is described as a function of the diffusion coefficient for a 
single pore. This is a practical way of describing diffusion inside a porous pellet. Thus, 
τ
℘ε
=℘ ABPeffAB          (5.7) 
where℘ABeff is the effective transport diffusion coefficient, ℘AB is the transport diffusion 
coefficient for a single pore, εP is the porosity of the pellet and τ is the tortuosity factor of 












































where CT* is the total concentration in the adsorbed phase and xA* is the methane mole 
fraction in the adsorbed phase. 
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Noting that the spherical surface area, S, equals 4πr2, dividing throughout by Sdr 
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∂       (5.10) 
 
The initial and boundary conditions required for the solution of the above system 
of nonlinear partial differential equations is as follows: 
A: 
At t = 0, CA*  = CA0*eq for all r 
At r = 0, dCA*/dr = 0 for all t 
At r = R, CA* = CA* eq for all t 
B: 
At t = 0, CB*  = 0 for all r 
At r = 0, dCB*/dr = 0 for all t 
At r = R, CB* = CB* eq for all t 
 








B FaJ ==          (5.12) 
where a denotes the surface area of the pellets per unit volume of the reactor. 
 
5.2.3 Physico-chemical properties required 
 
 The physico-chemical properties used in the above formulation to describe the 
transport mechanisms in the bulk and the adsorbed phases are discussed in the following 
sections, along with their sources. Figure 5.3 provides an overview of the strategy 
employed.  
 
5.2.3.1 Bulk transport diffusion coefficient 
 
The bulk mass balances are described by Equations (5.4) and (5.5). These 
equations use the bulk transport diffusion coefficient to describe the flux of the species as 
a function of the composition gradient. This is obtained using the Chapman-Enskog 
kinetic theory [9]. The function ΩAB used in the prediction is obtained using a 10th order 
polynomial fit to the tabular data [9]. The usual mixing rules are used in the prediction of 






5.2.3.2 Pellet transport diffusion coefficient 
 
The pellet mass balances summarized by equations (5.9) and (5.10) require the 
pellet transport diffusion coefficient. We take recourse to the Darken Equation to obtain 
the bulk transport diffusion coefficient [10]. It has been shown that the Darken equation 
is a means of obtaining statistically reliable transport diffusion coefficients and has 












alndDxDxD ,self,self       (5.13) 
where Dαβ is the transport diffusion coefficient, xα and xβ are the mole fractions of 
components α and β and aα is the activity for component α.  
The self-diffusion coefficients are difficult to obtain in the adsorbed phase. We 
hence use Equilibrium Molecular Dynamics simulations to calculate self-diffusion 
coefficients as a function of concentration, composition and temperature [12]. The 
thermodynamic factor is also difficult to obtain in the adsorbed phase as no equation of 
state applies. This factor is obtained via mathematical manipulations on Equation (5.13) 
and the use of adsorption isotherms, which in turn are obtained using Grand Canonical 
Monte Carlo (GCMC) simulations [13]. The modified form of the Darken equation 
requires the thermodynamic factor in the bulk phase which is obtained analytically using 
the modified Benedict-Webb-Rubin equation of state fitted for a Lennard-Jones fluid 
with 33 parameters [14]. 
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The GCMC simulations involve fixing the chemical potentials of the components 
in the system. This results in a highly irregular data set in terms of bulk concentration and 
mole fraction. Hence, the data set is statistically manipulated using Principal Component 
Regression (PCR). The details of the method are provided elsewhere [15]. 
 Thus we have generated the bulk and adsorbed phase transport diffusion 
coefficients and the adsorption equilibrium isotherms, as functions of the concentration, 
mole fraction and temperature. In the macroscopic simulations, these properties are then 
interpolated at the actual concentration, mole fraction and temperature at that point, using 
the data set generated previously and a simple 2-D interpolation scheme. 
 
5.3 Simulation Technique 
  
 As has been discussed in Section 5.2, the macroscopic model results in four 
coupled non-linear partial differential equations. We use a finite difference methodology 
in which the axial dimension in the bulk phase and the radial dimension in the adsorbed 
phase are discretized. We thus convert the set of partial differential equations into a set of 
four coupled, nonlinear, ordinary differential equations in time, which are then integrated 
using the second-order Runge Kutta method.  
 This is a three dimensional problem and the choice of appropriate step sizes in 
each dimension is crucial to obtaining a numerically stable solution. The axial dimension 
in the bulk and the radial dimension in the pellet are each discretized in 5 intervals. The 
axial step size is 0.1 m and the radial step size employed is 0.0001 m. The time step used 
was 0.0002 sec. The bed length was set at 0.5 m, and the bed porosity was set to be 0.4. 
 113
The velocity was assumed to be constant at 0.002 m/sec. The initial concentrations of 
methane and ethane were set at 220 and 25 moles/m3 respectively, while the inlet 
methane and ethane concentrations were set at 110 moles/m3 each. The system was 
assumed to be isothermal, at a temperature of 400 K. 
 
5.4 Results and Discussion 
 
 The axial composition profile is plotted in Figure 5.4 for 5 different times. As can 
be seen from the figure, the adsorbent bed is initially saturated with a 90 % methane 
mixture. It has been shown that ethane is energetically favored over methane in AlPO4-5 
[14]. As a result, with the inlet feed consisting of a 50 % methane mixture, ethane is 
preferentially adsorbed over methane and hence, methane diffuses out of the adsorbed 
phase. The composition profiles at times 960, 2000 and 3040 seconds all indicate a 
gradual movement of the composition front while the exiting stream from the bed is still 
90 % methane rich. The composition profile at 4000 seconds indicates a decrease in the 
methane mole fraction in the outlet stream. Thus, the adsorbent bed would have to be 
regenerated shortly after 3040 seconds. It is also interesting to note here that the 
residence time for a plug flow with no generation or depletion in the bed, for the given 
velocity, is 250 seconds. However, because of the small particle diameters, the pellet 
surface area per unit volume of the bed is large. As a result, the bed has a high capacity 
for adsorption and the equilibration of the bed with the inlet feed takes much longer. It is 
also important to note that a higher velocity in the bulk phase would result in the pellet 
diffusion being the rate-controlling step, and there would be no sharp composition fronts 
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in the bed. As a result the output stream would be a mixture with decreasing methane 
mole fractions. Thus the choice of the feed velocity is crucial for the efficient operation 
of the adsorption system. 
 Figure 5.5 shows the pellet composition profiles at an axial location of 0.1 m in 
the bed. As can be seen from the plot, initially the entire bed is at equilibrium with a      
90 % methane mixture in the bulk. However, at the near end of the bed, the adsorbed 
phase methane mole fractions drop rapidly. Even at 960 seconds, the adsorbed phase 
methane mole fraction has dropped to 0.2. At higher times we see the adsorbed phase 
methane mole fraction at 0.1, at equilibrium with the feed. It is also interesting to note 
that the adsorbed phase radial composition profiles are essentially flat. This indicates that 
the adsorbed phase reacts quite rapidly to changing bulk phase concentrations. 
 The radial composition profiles in the adsorbed phase at an axial location of 0.4 m 
are plotted in Figure 5.6. As can be seen from the figure, the profiles for times 0 and 960 
seconds are quite close. This occurs because, in that time, the bulk methane mole fraction 
is still at a high value. We see a slight decrease in the adsorbed phase methane mole 
fraction at 2000 seconds. However the decrease in the methane mole fraction is quite 
rapid after this time, as the moving composition front in the bulk phase reaches that axial 
location. Finally at 4000 seconds, we have the adsorbed phase essentially in equilibrium 








 We have modeled the nanoporous adsorption system for the separation of 
methane and ethane using AlPO4-5. The finite difference formulation and the solution 
using a second-order Runge Kutta method has been presented. The transport diffusion 
coefficients in the adsorbed phase that describe the diffusion in the pellet have been 
generated using a combination of equilibrium Molecular Dynamics simulations and the 
Darken Equation. The adsorption equilibrium isotherms for the system, required as a 
pellet boundary condition in the macroscopic simulation, have been generated using 
Grand Canonical Monte Carlo simulations. We thus show that the two design scales, viz. 
molecular level and the process level, could be effectively integrated. 
 We show that ethane, being the energetically favored molecule, is preferentially 
adsorbed. Hence AlPO4-5 would be a good adsorbent for the separation of methane from 
the mixture. We have also presented operating conditions for the separation of methane. 
At 400 K, and a mixture velocity of 0.0002 m/sec, the 0.5 m bed would have to be 
regenerated after 50 minutes.  
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t = 4000 sec
constant vel. = 0.002 m/sec
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In Part 2, we studied the transport behavior of mixtures of methane and ethane in 
AlPO4-5. We employed a two center model for ethane molecules. The results from the 
two-center model closely followed those from the single-center model. We showed that 
the transition from ordinary diffusion to single-file motion occurs at the same size, viz. 
4.75 Å for both models. Thus the minimum dimension in the two-center model governs 
the transition. We also showed that the methane molecules are always in ordinary 
diffusion and the methane diffusion coefficients decrease with increasing ethane size and 
ethane mole fraction.  
In Part 3, we investigated the adsorption behavior of mixtures of methane and 
ethane on AlPO4-5. It was shown that in the pure component case, ethane molecules are 
preferred due to their energetic advantage at low loadings and low temperatures. An 
increase in either quantity causes a reversal in the preference of the lattice and the 
entropic advantage of the smaller methane molecules dominates. This behavior is not 
observed in binary systems. In binary systems, ethane molecules are preferred initially 
due to their energetic advantage. Higher loadings cause an increase in the methane 
adsorption; however, methane molecules only adsorb in the spaces left vacant by ethane. 
Methane fails to displace ethane. The selectivity of the lattice was shown to be a strong 
function of the relative chemical potentials of the two species and temperature. An 
increase in temperature causes a decrease in the selectivity for ethane, as the energetic 
advantage plays a lower role at higher temperatures. 
In Part 4, we presented a different approach to obtaining transport diffusion 
coefficients via the application of the Darken Equation, the use of self-diffusion 
coefficients and the adsorption isotherms generated from molecular level simulations. We 
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showed that the transport diffusion coefficient decreases with increasing total 
concentration. It was also shown to decrease with increasing methane mole fraction. An 
increase in temperature was shown to cause an increase in the transport diffusion 
coefficient. 
In Part 5, we presented the macroscopic simulation of an adsorption system for 
the separation of methane. We used the transport diffusion coefficients generated in Part 
4 and the adsorption isotherms generated in Part 3 in the process simulation. We thus 
presented a viable approach to integrating the two design scales. We also presented 
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